GRB 130427A was the brightest gamma-ray burst detected in the last 30 years. With an equivalent isotropic energy output of 8.5×10
INTRODUCTION
Gamma-ray Bursts (GRBs) are the most luminous explosions in the Universe (see Kumar & Zhang 2015 for a recent review). In this article, we focus on GRB 130427A, the most intense long GRB (Kouveliotou et al. 1993 ) ever detected by the Swift Burst Alert Telescope (BAT; Barthelmy et al. 2005 ) instrument. This event had an equivalent isotropic energy release of 8.5 × 10 53 erg at a redshift z = 0.34 (Perley et al. 2014; henceforth P14) . The average isotropic energy release of Swift bursts is a few × 10 52 erg. Events close to and above 10 54 erg constitute only a few percent of all bursts (Kocevski & Butler 2008; Kann et al. 2010) ; the average redshift of a GRB is z = 2.2 (Jakobsson et al. 2012, Krühler et al. 2015) , while the percentile of GRBs at redshift z < 0.34 is only ∼ 4%. Thus, it is not surprising that events that release energy > ∼ 10 54 erg are usually found when taking into account very large volumes and large redshifts. The closest GRB with energetics comparable to GRB 130427A is 111209A, which produced 5.8 × 10 53 erg at redshift 0.67 (Gendre et al. 2013; Greiner et al. 2015) . The closest GRBs with energetic output higher than GRB 130427A are 080319B and 110918A (Cenko et al. 2010; Fredericks et al. 2013) , which occurred at z ≃ 1. Cenko et al. (2010 Cenko et al. ( , 2011 examined the GRBs with the highest energetics detected by Swift and Fermi till 2010, which were objects at redshift of 1 or substantially higher.
At redshift equal to or lower than that of GRB 130427A, we typically detect low-luminosity GRBs (ll-GRBs; see Bromberg et al. 2011) or transition events between ll-GRBs and long GRBs (Schulze et al. 2014) . ll-GRBs are a class of objects different from long GRBs. The main dissimilarity is their prompt energetics and luminosities, which are 2-4 orders of magnitudes lower than those of long GRBs. In addition, ll-GRBs often have lower peak energies and smoother prompt emission light-curves. Taken together, these differences imply that the physical phenomena in ll-GRBs are rather different from those that occur in long GRBs. The reader is referred to Fig. 1 of P14, which shows the isotropic energy releases vs redshift for pre-Swift, Swift, and Fermi long-duration GRB, to put GRB 130427 in the context of the energy vs distance distribution for known bursts.
GRB 130427A undoubtedly represents a very rare occurrence and, given its proximity, it has enabled the GRB community to study the properties of the radiation mechanism and of the circumburst medium of very energetic GRBs in an unprecedented fashion. Unsurprisingly, a large body of literature on this GRB has already been written. Some articles deal with high-energy observations of the prompt emission (Ackermann et al. 2014 , Preece et al. 2014 , others focus on the X-ray (Kouveliotou et al. 2013 , henceforth K13), optical (Vestrand et al. 2014) , and radio afterglows (Laskar et al. 2013; van der Horst et al. 2014, L13 and VA14) , yet others present broadband afterglow modeling (P14 and Maselli et al. 2014, M14) , or study of the associated SN 2013cq (Xu et al. 2013; Melandri et al. 2014 ).
However, this literature is based on observations taken up to ≃ 100 days after the GRB trigger. The high energetics and low redshift of GRB 130427A have enabled X-ray observations to be obtained over a much longer and unprecedented time scale after the initial trigger, which allows us to test the currently accepted models put forward to describe this event. In this article, we present X-ray observations of GRB 130427A performed up to 83 Ms after the trigger by XMM-Newton and Chandra. Even the latest observation resulted in a significant detection. To our knowledge, this is the longest time span over which the X-ray afterglow of a long GRB has been studied, and the 83 Ms datapoint represents the latest detection of a GRB X-ray afterglow. Kouveliotou et al. (2004) studied the field of GRB 980425A 3.5 years (i.e. 111 Ms) after the trigger, but this event belongs to the different class of ll-GRBs, and it is not clear whether the latest detection is due to the typical afterglow emission. Previously, the burst with the longest X-ray afterglow follow-up was GRB 060729 (Grupe et al. 2010) ; the afterglow of this burst was detected by Chandra 55.5 Ms after the trigger. Only in the radio band have follow up observations of GRBs occasionally extended further.
In Sect. 2, we present the observations, the data reduction, and the results of our analyses. In Sect. 3 we model the X-ray afterglow of GRB 130427A, while in Sect. 4 we present our conclusions. We adopt the cosmological parameters determined by the Planck mission, i.e. H0 = 67.8 km s −1 Mpc Ωm = 0.31, ΩΛ = 0.69 (Ade et al. 2014) . The afterglow emission is described by Fν ∝ t −α ν −β , where t is the time from trigger, ν the frequency, α and β are the decay and spectral indices, respectively. Errors are reported at 68% confidence level (C.L.) unless otherwise specified.
OBSERVATIONS AND ANALYSIS OF
X-RAY DATA
Swift-XRT observations
The Swift X-ray Telescope (XRT; Burrows et al. 2005) began observing GRB 130427A (M14) less than 200 s after the start of the prompt emission (indicated as T0), and continued to monitor the source for ≃ 15.8 Ms (≃ 180 days). The XRT count-rate light-curve was obtained from the UK Swift Science Data Centre on-line light-curve repository (Evans et al. 2007 , and binned to a uniform ∆T /T = 0.05. The XMM-Newton data were reduced using the science analysis system (sas) version 14.0. Periods of high background were identified in full-field light-curves of events with energy > 5 keV, and excluded from the analysis. Table 1 gives the exposure times for each observation after periods of high background have been excluded. At each epoch spectra were extracted from the MOS and pn data using a circular aperture centred on the source. The radius of the source aperture was chosen according to the brightness of the source: radii of 40 and 15 arcsec were chosen for the 2013 May 13 and 2013 June 20 data respectively. For subsequent observations an aperture of radius 7 arcsec was chosen, the small aperture was necessitated by the presence of a nearby source which would otherwise contaminate the extracted spectrum of GRB 130427A. None of the spectra are affected by photon pile-up. The two observations taken in November 2013 are separated by only ∆T /T ≃ 0.01, so these data were combined to form a single point in the light-curve. Similarly, the two observations taken in December 2015 are separated by ∆T /T ≃ 0.01, and were combined to form one point in the light-curve. For each epoch the MOS and PN spectra were combined as described in Page et al. (2003) .
XMM-Newton

Chandra observations
Chandra observed GRB 130427A on 2014 February 11 and 2014 June 21 (PI: Fruchter, Obs ID 14885, 14886), which correspond to T0+25.1 Ms and T0+36.3 Ms, respectively. We used these publicly available data from the Chandra archive to build our light-curve. The exposure times of the two observations were 19.8 ks and 34.6 ks. In both observations the target was placed on the ACIS S3 chip. The source photometry was measured using the task wavdetect in the reduction package ciao version 4.8.
Building the X-ray light-curve
In the subsections above we summarized the observations of the X-ray instruments and data reduction. The resulting flux of each XMM-Newton and Chandra observation is shown in Table 2 . We now describe how we combined these different datasets into a homogeneous flux light-curve. We assumed the XMM-Newton derived spectral parameters (see Sect. 2.5) to translate the measurements from Swift XRT, Chandra and XMM-Newton to 0.3-10 keV flux units in a consistent fashion. For XMM-Newton the fluxes were derived directly from the spectra using xspec. For Swift XRT the conversion factor from count rate to flux was obtained with the portable multi-mission interactive simulator (pimms 1 , Mukai 1993); in particular, the difference between our conversion factor and that found at UK Swift Science Data Centre at the University of Leicester is only 0.35%. We also obtained a good match between the XMM-Newton and Swift measurements when observations were simultaneous. For Chandra the conversion factors from count rates to flux were derived using xspec from response files generated for the two observations using the ciao script specextract. A 10 per cent uncertainty was added to the errors on the Chandra and XMM-Newton fluxes to account for systematic calibration differences between these instruments and Swift XRT (Tsujimoto et al. 2011 ).
Results
Among our observations, the XMM-Newton one on 2013 May 13 obtained the highest quality spectrum of GRB 130427A. We fitted the spectrum in xspec version 11.0 (Arnaud 1996) with a power-law model, attenuated by a fixed Galactic column density of 1.8 × 10 20 cm −2 and a second photoelectric absorber at the redshift of the GRB. The best fit power-law energy index is β = 0.79 ± 0.03 and the best fit host galaxy column density is (5.5±0.6)×10 20 cm −2 . These values are in excellent agreement with those derived from the Swift XRT PC mode data, which are β = 0.72±0.04 and NH = (6 ± 1) × 10 20 cm −2 (M14). The other XMMNewton observations yield spectra which are consistent with these values. We show the observed X-ray light-curve of GRB 130427A from the trigger to 83 Ms in Fig. 1 . However, in our analysis we considered data from 47 ks (that is, after the 3rd Swift orbit). We decided to exclude prior data because we are interested in the late X-ray afterglow; our discussion focuses on the consistency between models and late X-ray data.
When fitting this X-ray light-curve with a simple powerlaw model, we obtain α = 1.309 ± 0.007. This fit model yields χ 2 = 75.8 with 66 degrees of freedom (d.o.f.). The decay slope is similar to the previous measurements obtained over a smaller timescale. For example, M14, L13, P14 and K13 determined α = 1.35 ± 0.01, α ≃ 1.35, α = 1.35, and α ≃ 1.281 ± 0.004 respectively, using data up to ≃ 100 days after the trigger. To test for the presence of any break after 47 ks, we fit our light-curve with a smoothly broken powerlaw model (Beuermann et al. 1999) , with a smoothness parameter n = 2. Empirically, we find that this smoothness parameter corresponds to a change of slope occurring over ≃ 2 decades in time. The choice of such a smooth break is motivated by the findings that some jet breaks might occur over more than 1 decade in time (Granot 2007) . The fit with the Beurmann model gives χ 2 /dof = 74.1/64. According to the F-test, the probability P of an improvement over the simple power-law model by chance is P = 0.48. We have also tested the presence of multiple breaks, by fitting the X-ray light-curve with a double broken power-law and a triple broken power-law models. The resulting fits yield χ 2 /dof = 69.0/62 and χ 2 /dof = 64.1/60 respectively. According to the F-test, the probability P of an improvement by chance over the simple power-law model are P = 0.20 for the double power-law model and P = 0.11 for the triple broken power-law model. Every probability calculated by means of the F-test is high, which leads us to conclude that a break or multiple breaks are not required by the light-curve.
DISCUSSION
We will now explore the durability of several models proposed in the literature for GRB 130427A, which were built on the basis of data up to ≃ 100 days after the trigger. We will check whether these models can still hold when we include new data gathered over much longer timescales. We will not examine models that do not assume the emission mechanisms typically invoked for afterglows (for example Dado & Dar 2016) or heavily modify them (e.g. Vurm et al. 2001 ). The reader is referred to the aforementioned articles for a different approach.
The standard forward shock (FS; for a review, see Gao et al. 2013 ) model for GRBs predicts several possible phenomena that leave their signatures on the late X-ray afterglow. The very long temporal baseline of GRB 130427A observations provides us with an ideal opportunity to look for these signatures. Among the phenomena of interest to us, we have the so-called jet break (Racusin et al. 2009) and the change of the density profile of the circumburst medium. These features may present themselves in different ways depending on the density profile of the medium; in this respect, different authors have used diverse density profiles. For example, P14, L13, VA14 and K13 modeled the afterglow assuming that the medium has a decreasing, stellar-wind density profile, while M14 employed a constant density, interstellar-like medium (ISM). We will discuss the proposed models according to the density profile they employ. However, in jet break models where ejecta are expanding laterally (Sari et al. 1999) , the post-break decay slope is independent of the density profile. Thus, we first estimated a possible break time for such a jet 2 . The decay slope after such a jet break becomes α = p for any ν > νm, νa (where νm and νa are the synchrotron peak and self-absorption frequency, respectively) and if there is no evolution in the values of the physical parameters in the models, such as the energy of the ejecta and the fractions of the shock energy given to the radiating electrons and magnetic field, and the index p of the power-law energy distribution of the radiating electrons. Previous modeling of the afterglow emission of GRB 130427A derived values of p quite close to each other. They range from p = 2.1 (VA14) to p = 2.34 (K13). While the fit of the X-ray light-curve does not require the addition of a break to a steeper decay (see previous Section), we can still derive a 95% C.L. lower limit on the epoch of a jet break with post-break slope slightly steeper than 2, as we describe below. We refitted the light-curve with the smoothly broken power-law model, freezing the late decay slope value to 2.2. We then used different values for the break time, moving it backwards until we found ∆χ 2 = 2.7 with respect to the best fit.
Following this method, we found tjet > ∼ 61 Ms. Such a lower limit on the jet break time translates into a lower limit on the beaming angle of the outflow θjet and, consequently, on the beaming-corrected energetics. The exact value of θjet depends however on the assumptions on the density of the circumburst medium and the kinetic energy of the relativistic outflow (see e.g. Cenko et al. 2011 ). We will consider the effects of the lower limit of the break time on the beaming angle and on the energetics in the next section.
Stellar wind density profile
Energetics
P14 and L13 used a free stellar-wind profile for the density ρ(r) = A r −2 , where r is the distance from the centre of the explosion. In such a condition, the opening angle of the ejecta θjet is (Chevalier & Li 2000) :
EK,iso,53 A⋆
where EK,iso is the kinetic energy of the relativistic ejecta assuming isotropy, A⋆ = A/(5 × 10 11 g cm −1 ) is the normalization constant for the wind density 3 , and we use the convention Qx = Q/10
x in cgs units. L13 found EK,iso ≃ 7 × 10 52 erg and a very small A⋆ ≃ 3 × 10 −3 , while P14 obtained EK,iso ≃ 3 × 10 53 erg and the same 4 A⋆ as L13. Using the values of the energetics and wind density presented in the papers above, for tjet > 61 Ms we find lower limits for the beaming angles of > ∼ 0.09 rad (P14), > ∼ 0.13 rad (L13). If we correct the kinetic energy and the energy radiated during the γ-ray prompt emission phase for the corresponding beaming factors, we obtain total, beamedcorrected energetics (kinetic + prompt) of
51 erg (L13). If we assume that no jet break has occurred at all throughout 83 Ms, then the lower limits on the beaming angles and corresponding beamedcorrected energy become 0.10 rad and 5.9 × 10 51 erg (P14), and 0.15 rad and 9.8×10 51 erg (L13). The lower limit for the energetics in the case of P14 is large but not extreme. However, the lower limit in the case of L13 would place 130427A close to the "hyper-energetic" bursts (see Cenko et al. 2011; Ackermann et al. 2013; Martin-Carrilo et al. 2014; note, however, that Cenko et al. 2011 derive the opening angle using a coefficient of Eq. 1 different from ours).
The stellar bubble in the standard free stellar wind
The fact that we do not see signatures of a transition between stellar wind and interstellar medium, which would be seen as a change in the decay slope, bears other interesting consequences. In the modeling of P14 and L13, the X-ray frequency is at or just below the synchrotron cooling frequency νc. This assumption entails that, if the ejecta transition from a medium with decreasing density, such as stellar wind, into one with a constant density, such as the interstellar medium, the observer should see a flattening of the light-curve. The decay slopes predicted by the FS model are α = 3/4 p − 3/4 and α = 3/4 p − 1/4 for ν < νc in the constant density and wind medium, respectively. Thus, in the case of the modeling of L13 and P14, which used a value of p very close to 2.2, one would expect a new decay slope of α = 0.9. With the same method used to determine a lower limit for a jet break, we find a 95% C.L. lower limit of 48 Ms for any change of slope of the light-curve to a shallow α = 0.9. In a stellar wind environment, the radius reached by the ejecta at a certain time t is (Chevalier & Li 2000) :
For the values of A determined by L13 and P14, the corresponding radii at t > ∼ 48 Ms are > ∼ 1.6 × 10 20 cm (about 50 pc) and 3.3 × 10 20 cm (about 105 pc), respectively. Thus, the GRB progenitor must have carved a region, i.e. a "stellar wind bubble", that extends for several tens of parsecs. It is still unclear why some GRBs seem to occur in large bubbles, while others are found to have a constant density medium very close to the centre of explosion (Schulze et al. 2011) . However, in the case of the wind models of GRB 130427A proposed by L13 and P14, the size of the bubble is larger than any other determined in the literature (ibid., Grupe et al. 2010) . For this to happen, the density, n0 cm −3 , of the pre-existing medium must have been very small. Following Fryer et al. (2006) and reference therein, the radius of the termination shock, i.e. the region where the density profile is ρ(r) ∝ r −2 , is rt ≃Ṁ −5 1/3 n −1/2 0,2 pc, whereṀ −5 is the mass loss in units of 10 −5 M⊙ yr −1 , and it does not depend strongly on the wind velocity.
Assuming a wind velocity v wind = 10 8 cm s −1 , for the mass loss constrained by L13 and P14 and the radii determined above, we obtain n0 < ∼ 9 × 10 −4 (L13) and n0 < ∼ 2 × 10 −4 (P14). However, if we assume that no change of slope is present up to the end of our observations, 83 Ms, these densities will become even smaller: n0
−4 (L13) and n0
−4 (P14). In the case of the modeling put forward by P14, the density of the pre-existing medium is almost unrealistically small and unlikely to be found in the medium of any galaxy. We have not found examples of star forming regions in the Milky Way or Magellanic Clouds occurring in pre-existing environments of such low density. Hunt & Hirashita (2009) and Peimbert & Peimbert (2013) merged several observational data sets for Galactic and extragalactic H II regions, and found no densities below ∼ 1 particle cm −3 . We have explored the possibility that the GRB progenitor exploded in a very large bubble blown by a cluster of massive stars; some of these massive stars might have produced supernova events as well. In this case, the termination shock of a single star might not be the relevant parameter. Star clusters containing a large number of OB stars may produce "superbubbles" within the surrounding medium with radii of ∼ 100 pc. According to recent numerical simulations (see e.g. Sharma et al. 2014; Yadav et al. 2016) , the density profile inside these regions is roughly ρ ∝ r −2 , as hypothesised in the case of GRB 130427A, if a star cluster contains more than ∼ 10 4 OB stars. However, the aforementioned simulations show that, if the number of OB stars is below the ∼ 10 4 threshold, the superbubbles are still formed but the density profile inside them does not decrease with radius. It is instead roughly constant with radius and then increases towards the edge 5 , as expected in individual supernova remnants (Vietri 2008) and bubbles blown by single stars (Weaver et al. 1977) .
It is not clear whether clusters with a sufficiently high number of massive OB stars to produce a ρ ∝ r −2 density profile have been found. According to Beck (2015) , the most massive young star clusters found in the local universe (including the Local Group) have mass up to ∼ 10 6 solar masses; they may not contain more than ∼ 10 3 OB stars. A few star forming regions, found in the Local Group and beyond, are inside large voids that look like superbubbles. Their edges may form "supershells", with radii that can reach as large as hundreds of parsecs (Warren et al. 2011 ). However, there are very few measurements of the total density inside these regions and how it decreases with radius. The density of atomic hydrogen is actually found to increase with radius in the case of the very large voids studied by Warren et al. (2011) in the Local Group.
It might be possible that the progenitor of GRB 130427A exploded outside the host galaxy; this occurrence may explain the very low density of the pre-existing environment. However, this circumstance is unlikely, because the GRB site is spatially consistent with a star-forming region in the host galaxy (Levan et al. 2014a) , and while the column density determined from the X-ray absorption (≃ 6 × 10 20 cm −2 ) is rather low, it is not so low as to be consistent with an extra-galactic origin.
In the modeling by L13, the density of the medium in which GRB progenitor wind expanded may not be so extreme. However, we note (as other authors have done, e.g. see M14) that this model needs to convert a very large fraction of the initial energy of the ejecta into prompt Eγ and initial afterglow emission.
According to L13, the kinetic energy of the ejecta of GRB 130427A was ≃ 2 × 10 53 erg just after the end of the prompt emission. Afterward, the afterglow was in a period of so-called radiative cooling (Sari et al. 1998) , which lasted up to t−T0 ≃ 1200 s. During such a phase, the ejecta convert a significant fraction of their kinetic energy into radiation. According to L13, the ejecta lost E rad ≃ 1.3 × 10 53 erg during the radiative cooling, i.e. 65% of their energy. When the radiative cooling ended, and the adiabatic cooling (the typical condition of most afterglows) began, the ejecta kinetic energy was reduced to 7 × 10 52 erg. The problem with this scenario is that, when modeling the GRB afterglow, L13 find ǫe ≃ 0.3, which is too low to cause substantial radiative losses. L13 assume that the deceleration time, i.e. the time when the ejecta pile up a fraction Γ −1 of their mass and produce the onset peak in the FS emission, is T dec ≃ 200 s. With the value of ǫe above, over a time scale of t/T dec ≃ 6, the ejecta lose only few percent of their total energy (see Fig. 5 of Nava et al. 2013 ). To achieve a loss of 65% over t/T dec ≃ 6, one would need ǫe ≃ 0.8 − 1, regardless of ISM or wind environment. This value of ǫe is extremely high and difficult to explain; furthermore, it is at odds with the modeling of GRB 130427A by L13. One has therefore to assume that the afterglow ejecta had a kinetic energy of EK ≃ 7 × 10 52 erg from the deceleration time. The efficiency of converting the initial energy into prompt emission is η = Eγ /(Eγ + EK). For Eγ = 8.5 × 10 53 erg, and EK = 7 × 10 52 erg determined by L13, the emission mechanisms must have had an efficiency of η = 92%, which poses a very serious difficulty for any dissipation and emission models. We also note that using a wider dataset, which includes early GeV emission (not studied by L13), other authors (e.g. P14) do not find evidence for radiative cooling. To achieve a more moderate and more reasonable efficiency η, one should have a larger kinetic energy of the outflow; but this would imply a larger radius for the wind bubble (see Eq. 2) and, as a consequence, a rather low density of the pre-existing environment.
In the argument at the beginning of this subsection we have assumed that, when the ejecta enter a constant density environment, the cooling frequency νc will stay above the observed X-ray frequency. However, the value of νc depends on the density of the environment and we do not know the density of the medium outside the free stellar wind region of GRB 130427A; thus we cannot exclude that the cooling frequency moves below the observed X-ray band as the ejecta leave the free stellar wind region. In such a case, the X-ray decay slope would be larger by 0.25 than in the case of νx < νc, i.e. α = 1.15. Our observations, however, still do not match this prediction. Thus, we still do not find evidence of a transition between stellar wind and constant density medium in our observations.
To summarize, our late X-ray observations indicate that wind models with the standard ρ ∝ r −2 profile advocated for GRB 130427A require either an emission process which is extraordinarily efficient in converting the initial energy of the explosion into prompt γ-ray emission, or a very low density of the pre-existing media. This very low density medium is difficult to explain for the apparent location of GRB 130427A inside its host galaxy.
Non-standard wind environments
K13 proposed that GRB 130427A occurred in a noncanonical stellar wind environment, with a density profile ρ(r) = A r −1.4 . We first modeled the X-ray light-curve of GRB 130427A assuming this slope for the density profile of the medium, and using the formulae of van der Horst (2007; their Tab. 2.5) to derive the values of the peak synchrotron flux, νm and νc. We assumed that the spectral in-dex above the cooling frequency νc is 6 β = 1.17 and thus p = 2.34. We took νc > 2.4 × 10 18 Hz = 10 keV. We imposed that the value of the Compton Parameter is Y < ∼ 0.2 at 20 ks; this constraint avoids inverse Compton emission, which is not observed in the model of K13 at this epoch (indeed, K13 conclude that the whole emission from optical to GeV is consistent with being synchrotron). In this assumption, we took into account the Klein-Nishina correction (see Zhang et al. 2007 ). Finally, we imposed a flux density Fν(1 keV) ≃ 20 µJy at 20 ks, as K13 show.
We found that an isotropic kinetic energy of the ejecta EK,iso ≃ 9.9 × 10 53 erg and the value of the parameter A ≃ 0.001 g cm −1.6 , which corresponds to 7 6 × 10 20 cm −1.6 , can reproduce the observed X-ray light-curve in the scenario put forward by K13 for 83 Ms. For considerably smaller E and larger A, one or more of the conditions above are not satisfied.
To summarize, we found that the density of the wind environment must be still very small, while E must still be substantially larger than 10 53 erg. By adapting Eq. 2 to the ρ(r) ∝ r −1.4 case, we find that at 48 Ms after the trigger the ejecta are at 5 × 10 20 cm from the centre of the explosion, i.e. ≃ 160 pc. We thus conclude that this model basically presents the same problems as those of P14.
In the model proposed by VA14, the density profile is again non-canonical, with ρ(r) = A r −1.7 . A few physical parameters of the two jets evolve in different fashion (see Tab. 3); moreover, the distance reached by the ejecta is rather unconstrained in the model of VA14: R = (0.07 − 2) × 10 19 t
d
cm, where t d is the time expressed in days. If we apply our lower limit of 48 Ms for any change from a wind medium to a constant density medium, we have R = 3−100 pc. Wind bubbles with radii towards the low end of this interval do not require an unusually small density of the pre-existing environment. The energy budget predicted by this model is uncertain as well; for our lower limit of the jet break time, a total energy 8 of ∼ 10 51 erg would be enough. We conclude that the model of VA14, in which the ejecta are moving in a stellar wind that has a non-standard profile, could still explain our late X-ray data, but we are concerned that it may do so more by virtue of the indeterminacy of some of its parameters than by any particular merits of the physical scenario which it describes.
Constant density medium
M14 have assumed that GRB 130427A occurred in a constant density medium. In their scenario, a jet break occurred at ≃ 37 ks, but the post jet break slope of the flux is not steep because the FS physical parameters evolve with time. The fractions of energy given to the radiating electrons and to magnetic fields -ǫe and ǫB respectively -increase with time, while the fraction ξ of electrons accelerated 6 See Table 1 of K13. 7 note that this value of the normalization implies a very thin medium, as in the cases treated by other authors. At a distance r = 6 × 10 19 cm (i.e. ≃ 20 pc) from the centre of the explosion, one would have ρ ≃ 1.2 × 10 −7 cm −3 , which compares with ρ ≃ 2.5 × 10 −7 cm −3 predicted for the models of L13 and P14. 8 Assuming the minimum kinetic energies of both the narrow and wide jets described in this modeling; see VA14 for more details. decreases with time. M14 assume ǫe(t) = 0.027×(t/0.8d) 0.6 , ǫB(t) = 10 −5 × (t/0.8d) 0.5 and ξ(t) = 1 × (t/0.2d) −0.8 . In the model proposed by M14, the α = 1.31 detected in our observations should basically be a post-jet break decay, moderated by this evolution of microphysical parameters.
However, the data presented in our paper cover a much longer duration (by a factor of ≃ 20) than those presented in M14. This duration of the temporal slope may make excessive demands on the scenario of evolving parameters. With the reasonable assumption that the maximum ǫe = 1/3 at equipartition, then this parameter saturates at ≃ 52 d = 4.5 Ms. Moreover, we would have ξ ≃ 10 −3 by the time of the end of our observations; it is difficult to explain why such a tiny fraction of electrons are accelerated. Thus, ǫe and likely ξ cannot contribute to keep the post jet break decay slope less steep than expected. As a consequence, the fact that we see no steepening of the light-curve over 83 Ms (or at least until 61 Ms) weakens the ISM scenario under the assumption of an early jet break and evolving microphysical parameters.
We have already demonstrated at the beginning of this section that the light-curve does not have the steep decay slope of the lateral spreading jet, at least up to 61 Ms. Nonsideways spreading jets have less steep decay indices; the FS model predicts α = 3p/4 = 1.73 for νx < νc and p = 2.3 used by M14. This prediction still fails to match the observations. Overall, our new data indicate that the X-ray emission after 40 ks is difficult to reconcile with a FS with jetted expansion, regardless of whether lateral expansion is present or not, and parameters are evolving as proposed by M14. Such a jet break would significantly reduce the energy budget of GRB 130427A down to level a magnetar could plausibly produce, which is ≃ 10 53 erg (Metzger et al. 2015) . But as we rule out an early jet break as proposed by M14, and derive a lower limit that is three orders of magnitude later, our new data are also problematic for the hypothesis of a magnetar central engine (Usov 1992) , as proposed by Mazzali et al. (2014) .
Standard on-axis model
Could a simple FS model in an ISM medium, with no jet break or evolving parameters, explain the late GRB 134027A X-ray light-curve? First of all, we have to find a satisfying relationship between the observed decay and spectral indices α and β in the FS model. For β = 0.79 ± 0.03, assuming spherical expansion, we should either have α = (3β + 5)/8 = 0.92 ± 0.01 for νc < νx or α = 3β/2 = 1.19 ± 0.05 for νc > νx. The former is clearly ruled out, but the latter is acceptable at ≃ 2.4σ C.L.. If no jet break is present in our X-ray light-curve before 61 Ms, as our analysis indicates, then the ISM scenario predicts rather unusual values of the physical parameters involved. Let us first consider the total energy corrected by beaming. By definition, this parameter is
where Eγ,iso and EK,iso are the energy emitted in gammarays and the relativistic kinetic energy of the ejecta respectively assuming isotropic emission, and f b ≃ θ 2 jet /2 is the beaming factor. Given the definition of the efficiency η in converting the initial energy into prompt γ-ray photons (see Sect. 3.1), one derives
Following Zhang & MacFadyen (2009) , the beaming angle θjet in a constant density medium is θjet = 0.12
EK,53,iso n −1/8 rad (5) where n is the density of the medium in which the ejecta are expanding. The above formula implies that
γ,iso n 1/4 . Finally, substituting this last equation
into Eq. 4, we derive that Etot,corr
γ,iso . For any given n and Eγ,iso, the minimum Etot,corr is obtained for η = 3/4. This efficiency value is high but it is not unprecedented, and models that entail magnetic dissipation (for example, see Zhang & Yan 2009 ) may explain it. In our case, η = 0.75 implies EK,iso =
(1−η) η Eγ,iso = 1/3 × 8.5 × 10 53 erg = 2.83 × 10 53 erg. Detailed afterglow modeling of any long-duration GRB has not led to densities n < ∼ a few ×10 −4 (Cenko et al. 2011; Panaitescu & Kumar 2002) for an ISM-like medium. Assuming n = 10 −3 , η = 3/4, and the lower limit of 61 Ms for the jet break time, we find that the minimum, beamingcorrected total energy associated with GRB 130427A is Etot,corr = 1.23 × 10 53 erg, for a beaming angle of θjet = 0.47 rad.
If the outflow decelerated at ≃ 20 s after the trigger (as appears to be the case from the early LAT and afterglow optical light-curves, see Ackermann et al. 2014) in such a low density environment, it would require (Eq. 1 of Molinari et al. 2007 ) a very high initial Lorentz factor Γ0 > ∼ 1400. Such a value for this parameter has not been observationally determined before in long GRBs, and it is ∼ 3 times as large as the typical initial Lorentz factor found in GRB modeling 9 . For more typical densities of GRB environments, n = 0.1 − 1 cm −3 , one would find a more mundane value of Γ0 > ∼ 600 − 800, but the lower limit on the total energy increases up to Etot,corr ≃ (4−7)×10 53 erg. Already the value of Etot,corr = 1.23 × 10 53 erg inferred for n = 10 −3 appears to be too close to or above the maximum energy that a magnetar central engine can produce, which is ≃ 10 53 erg. Instead, we think that the levels of energy required to power GRB 130427A in the ISM scenario may be explained by a black hole (BH) central engine, as we show in the following.
If the the relativistic outflow is produced by the Blandford-Znajek mechanism (BZ, Blandford & Znajek 1977) , the energy source to tap is the BH rotational energy, which is Erot = 1/2MBHc 2 f (a), where f is a function of the rotational parameter a = Jc/MBHc 2 . For a very fast rotating hole with a ≃ 0.9, we have f ≃ 0.30. Even optimistic estimates show that the BZ mechanism can only convert up to ≃ 10% of such a reservoir into kinetic energy of the jets McKinney 2005; Lee et al. 2000) .
Thus, the BH central engine should have a minimum mass of ≃ 5M⊙ (e.g. Komissarov & Barkov 2009 ). Such value is not implausible; in reality, however, one should expect a black hole in the range of 8-12 solar masses for more realistic values of efficiency of conversion. If the jets are instead powered by neutrino-antineutrino annihilation, the predicted efficiency is even lower. In such a scenario, assuming that ≃ 3M⊙ accretes onto the BH, the energy available to power the jets is ≃ 3 × 10 52 erg or less (see Cenko et al. 2011 and references therein). We note that our estimate of Etot does not include the energy that the "central engine" of the explosion directed into other channels, for example the kinetic energy of the ejecta of SN 2013cq EK,SN, which can be as high as ≃ 6.4 × 10 52 erg (Xu et al. 2013; Cano et al. 2015) , X-ray flares and radiative losses, which would make the required total energy produced by the central engine even bigger. The viability of constant density scenarios should also be tested against observations presented in bands other than the Xray, for example the radio one (see P14 for a discussion on this point).
As a side note, we point out that the lack of change of slope in the X-ray light-curve implies also that the ejecta have not piled up enough circumburst medium to be decelerated to sub-relativistic speed; in other words, the ejecta have not entered the so-called "non-relativistic" (NR) expansion. If this transition had occurred, we would have seen a decay slope αNR = 1.77 for β = 0.79, constant density medium and νX < νc (Gao et al. 2013) . The transition to NR expansion is expected to occur at tNR = 970(1 + z)(EK,iso,53/n) 1/3 days (Zhang & MacFadyen 2009 ). Fitting the X-ray lightcurve with a broken power-law which has a post-break slope α = 1.77, we find a 95% C.L. lower limit on such a break of 39 Ms (i.e. ≃ 450 d). Given the formula above, we can set upper limits on the density of the environment, which must have been n < ∼ 70 cm −3 . If we assumed that the transition has not occurred until the end our observational campaign, then n < ∼ 7 cm −3 . Under the assumption of a constant density environment, these results imply that GRB 130427A did not occur in a giant molecular cloud, which have typical densities of 10 3 particles cm −3 (Bergin & Tafalla 2007).
Off-axis model
The calculations above take the simplifying assumption that the observer is placed on the symmetry axis of the jet. Instead, the observer may be placed off-axis, as M14 themselves assume. Such a solution has the advantages of postponing the jet break time with respect to the onaxis observer and reducing the required energetics. The light-curve will become substantially steeper only when the observer will see emission from the far side of the jet (van Eerten & MacFadyen 2013) , that is, when Γ −1 ≃ θjet + θ obs where θ obs is the angle between the observer and the jet axis. If the observer were on-axis, the jet break would occur when Γ −1 ≃ θjet. Incorrectly assuming that the observer is placed on axis, while actually being off-axis, may cause to over-estimate the real beaming angle and thus the total energy. On the other hand, if the observer is largely off-axis, the received flux will be considerably lower. For example, from Fig. 9 of van Eerten & MacFadyen (2013), one can see that the pre-jet break flux is reduced by a fac-tor of ∼ 2.5 if the observer is on the edge of the jet, i.e. θ obs = θjet. In the even more extreme case θ obs > θjet, the observer would basically detect a much weaker X-ray rich GRB or an X-ray flash (Heise 2003) rather than the bright and γ-ray-rich GRB 130427A.
Using the formulation and results of van Eerten & MacFadyen (2013), we derived that for θ obs = 0.4 θjet the observed afterglow flux is diminished by a factor 1.75 with respect to the case in which θ obs = 0. To compensate for this reduction, we would require EK,iso to increase by a factor of 1.75 as well. The real θjet would then be ≃ 1 1+0.4
1.75
−1/8 the value calculated by Eq. 5 if the observer were on-axis. With a density n = 10 −3 cm −3 , we infer that the semi-opening angle of the ejecta of GRB 130427A would be θjet > ∼ 0.31 rad. With Eγ,iso = 8.5 × 10 53 erg, the beaming-corrected total energy Etot,corr > ∼ 6.5 × 10 52 erg. This is about half the value we find in the on-axis model. The initial Lorentz factor would increase only slightly (by a factor ≃ 1.07) from the value determined for the on-axis observer. Moreover, the required efficiency is lower than 0.75, because EK is now higher; we derive η = 0.63. To summarize, this off-axis scenario slightly eases the problems of the high energetics and the high efficiency of the on-axis case, but it needs Γ0 to increase moderately with respect to that scenario, in which this parameter is already unusually high.
Note, however, that the energy estimate would still increase by a factor ≃ 1.3 if no jet break occurred over 83 Ms.
Structured jet
Another possibility we explored, because it might lead to a reasonable energy budget, is the so-called "structured jet" (Mészáros et al. 1998; Zhang & Mészáros 2002; Rossi et al. 2002; Panaitescu 2005) . In this case, the ejecta kinetic energy per solid angle ǫ = dE/dΩ is not constant, but depends on the distance from the jet axis. We parametrize this density as
where θ is the distance from the jet axis, and the constant density ǫc below a certain opening angle θc is introduced to avoid divergence. Thus the jet has a bright "core", where the energy is the highest, and less energy in the "wings". GRB 130427A is a very energetic event, so we will assume that the observer is along the jet axis and sees the emission from the bright core (as in the case of another very luminous event, GRB 080319B, see Racusin et al. 2008 ). In such conditions, a light-curve break will occur when the Lorentz factor of the core ejecta will reach Γc ≃ θ −1 c , and the decay will become mildly steeper. We assume that this break occurs before or at 400 s, when the X-ray emission from the afterglow was still outshone by that of internal origin, characterized by rapid variability. We calculated θc using Eq. 5 but replaced θjet with θc, and we assumed a low density n = 10 −3 cm −3
and efficiency of η = 0.75, because these values already led to smaller total energetics in the case of a homogenous jet.
With these parameters, we derive θc = 5.3 × 10 −3 rad (less than half a degree). The successive X-ray light-curve, with a decay slope of α = 1.31, can be explained by the structured jet. In this case, the decay index will depend on p and k.
To have p > 2 we must be in the case νx < νc; with such a condition we derive p = (2β + 1) = 2.58. Using Eq. 8 of Panaitescu (2005) we derive k = 0.23.
A steeper break, with slope α ≃ p, will be visible when Γc ≃ θ −1 jet . We have a lower limit of 61 Ms on any break with a decay slope of ≃ 2. Thus, we can compute a lower limit on the ratio between θc and θjet. If the break is at 400 s, then θjet > (6.1 × 10 7 /400) (3/8) θc ≃ 88 θc ≃ 0.47 rad.
Given that ǫc = E k,iso /4π
Eγ,iso / 12.56 = 2.3 × 10 52 erg sr −1 , we integrated Eq. 6 up to θjet and derived the lower limit on the beamed-corrected kinetic energy of the structured jet EK,corr = 2.1 × 10 52 erg. Under the assumption that the efficiency of the gamma-ray emission process was constant throughout the whole jet, the total energy is at least Etot,corr = 8.5 × 10 52 erg. Note that such a value is the energy of a single jet; to compare it with the values obtained for the standard on-axis and off-axis jet in the previous subsections, we have to multiply it by two. Thus, we have a total energy of at least 1.69 × 10 53 erg; such a value is still rather high, as in the case of an on-axis and uniform jet. Furthermore, the initial Lorentz factor of the ejecta in the core region is still Γc,0 > ∼ 1400. The energy budget we have found should be multiplied by ≃ 1.3 if we assume that no jet break occurrs over 83 Ms, i.e. the whole time span of the observations, rather than 61 Ms. We note that this model can accommodate the possible break at 37 ks determined by M14; this break might occur when the observer starts to receive emission from outside the core. In such a case, θc ≃ 0.029 rad (again assuming η = 0.75), which is closer to what is typically determined in the context of GRB modeling (Racusin et al. 2009 ). The lower limit on the ratio between θjet and θc decreases to 16.1; however, the beaming-corrected energy, the value of Γc,0, and the opening angle lower limit are not different.
Finally, we point out that we have been quite conservative in deriving the lower limits on the beaming-corrected energy during our treatment of the models in bf a constant density medium. We have adopted 61 Ms as lower limit on the jet break time; such a value, however, is calculated assuming a post-jet break slope of 2.2 (see Sect. 2.5). We could have adopted a steeper slope of 2.58, derived from our finding p = 2.58. Such a choice would have led to larger lower limits on a jet break time and thus on the beaming angle and, in turn, on the beaming-corrected energy. We preferred, however, to adopt a milder decay slope, which is more moderate and consistent with the modeling produced by other authors. Panaitescu et al. (2013) proposed that the outflow of GRB Troja et al. 2012) by energy injection. This possibility can be applied to jets that are laterally spreading as well as to those which are not, and to both stellar wind and constant density medium scenarios.
Energy injection
The observations presented in this paper are much more extensive than those analyzed by Panaitescu et al. (2013) , and it is difficult to envisage a process of energy injection which could last for 83 Ms, i.e. almost 2 years in the rest frame of GRB 130427A. It has been argued that a magnetar central engine could power events such as some UltraLong GRBs (ULGRBs; Levan et al. 2014b) , such as GRBs 121027A and 111209A for timescales of several hours or a few days, and super-luminous SNe (SLSNe), for time scales of months or years (Kasen et al. 2010; Greiner et al. 2015; Metzger et al. 2015; Cano et al. 2016; Nicholl et al. 2013; Inserra et al. 2013 ). However, this scenario can likely be ruled out in the case of GRB 130427A. First, the magnetar is expected to inject energy into the ejecta at a steady pace, i.e. with a luminosity L ∝ t 0 . This is different from the injection energy rate hypothesised by Panaitescu et al. (2013) , which is L ∝ t −0.3 . Secondly, the shape of the spectrum of SN 2013cq (Xu et al. 2013) , the SN associated with this event, is unlike those of SLSNe and even SNe associated with ULGRBs. On the other hand, if GRB 130427A is powered by a black hole, energy will be produced as long as an accretion disk exists. One typical timescale of the accretion is the free fall time of the matter of the progenitor envelope, which is expected to be few minutes. It might extend to a few hours if the progenitor is a blue supergiant, as postulated for the ULGRBs 111209A and 130925A (Gendre et al. 2013; Piro et al. 2014) . However, this timescale obviously does not apply to the 80 Ms of the case at hand. Another timescale is that of the so-called fall-back process, which is thought to occur in supernova explosions (Colgate 1971) . Parts of the stellar envelope fail to reach the escape velocity, and end up falling onto the collapsed core of the exploded star. Such a fall-back process can last for tens of millions of seconds (Wong et al. 2014) . However, this fall-back process characteristically follows aṀ ∝ t −5/3 law, whereṀ is the mass accretion rate onto the central object. If the luminosity L produced in this process is proportional toṀ , then the hydrodynamics of the ejecta and the emission processes are not significantly affected, as shown by Zhang & Mészáros (2002) . The energy injection process can change the afterglow light-curve only if its luminosity L has a temporal behaviour L ∝ t −q where q < 1. The timescale for energy injection may be long if the ejecta form an accretion disk with low viscosity, and/or powerful magnetic fields slow down the accretion of matter onto the central object; nonetheless, the accretion time is not predicted to reach timescales of several tens of Ms (Kumar et al. 2008) .
A summary of the key details of the models analyzed (e.g. energy, density profiles, physical parameters of the blast wave and emission mechanisms), along with very brief summaries of the problems that would arise due to the late time X-ray observations, are presented in Table 3 and 4.
CONCLUSIONS
In this article, we presented XMM-Newton and Chandra X-ray observations of the exceptionally bright Swift GRB 130427A, which have been carried out up to 83 Ms after the burst trigger. Such a timescale is unparalleled for X-ray afterglows of GRBs. We reconstructed the X-ray light-curve to very late epochs, and we find that the simple power-law decay with a slope of α = 1.309 ± 0.007, which was found from as early as 30 ks after the trigger, extends up to the end of our observations. No jet break or flattening of the light-curve are visible.
We discussed the consequences of this result with respect to the results of modelling presented in the literature, which considered data up to ∼ 10 Ms. We have treated the models in which the external medium is a stellar wind (P14, L13, VA14, K13) separately to that in which the medium has a constant density profile (M14). We find that the model of P14 requires a very low density of the pre-existing medium the GRB progenitor: n0 = few ×10 −4 . Such a value is difficult to explain because the burst position is superimposed on the host galaxy and not external to it (where such low densities are more likely to occur), and there is non-negligible absorption at the redshift of the burst. The model of L13 does not require such a very low density, but instead it needs an extremely high efficiency to convert the initial energy into prompt γ-ray emission. The model put forward by VA14 considered several evolving and unconstrained parameters, which makes it difficult to test it against our data. Finally, M14 assumed a constant density and a jet break, which is not steep because of evolving microphysical parameters. We find it difficult that such a solution can keep a post jet-break decay slope as shallow as α ≃ 1.3 up to 83 Ms after the trigger.
We have found that an ISM scenario, in which the observer is placed on the jetted outflow axis, requires an exceedingly high energetics; a structured jet does not ease the problem. However, we propose that the ISM scenario, with an observer placed at θ obs = 0.4 θjet, could still explain our observations with unusual physical variables: a beamingcorrected energy E ≃ 6.5 × 10 52 erg, an initial Lorentz factor of the ejecta Γ0 > ∼ 1500, an efficiency of η = 0.63, and medium density n = 10 −3 cm −3 . Moreover, the central engine of GRB 130427A should be a black hole of a few solar masses which, by means of a very efficient BlandfordZnajek mechanism, should produce jets with opening angle θ ≃ 0.31 rad.
To summarize, the late X-ray behaviour of GRB 130427A, presented in this work, challenges external shock models discussed by previous authors. These models require extreme values of the physical parameters of the explosion, the emission mechanism and the environment. We have found the least problematic scenario to be an off-axis jet in a constant density medium. Even this model, however, needs atypical parameters.
Further X-ray observations of GRB 130427A in 2016 can push the limit of energetics and/or density of the environment further and, in doing so, test the proposed models even more stringently. If the X-ray afterglow of GRB 130427A continues to decay with the slope of ≃ 1.3, its flux at the end of 2016 (roughly 115 Ms after the trigger) should be ≃ 2 × 10 −15 erg cm −2 s −1 , which corresponds to ≃ 0.13 counts ks −1 with the ACIS-S camera onboard Chandra. A ≃ 100 ks observation with this instrument would allow a detection of such a source and measure its flux with a ≃ 30% precision.
The XMM-Newton and Chandra X-ray observations of GRB 130427A, presented in this paper, constitute an important legacy for the study of this once in a lifetime event. These data have enabled us to explore the physics of GRBs in unexplored epochs, and highlighted problems with the standard models which will need addressing in the future. We showed that late time observations of bright GRBs are a powerful test of the models, and the sensitivity of facilities such as Athena (Nandra et al. 2013 ) will enable us to push the limits even further. In fact, even if the break in the light-curve should occur now, the X-ray flux expected at the time of the launch of Athena (2028) forming regions. Laskar et al. 2013 (L13) The radius of the stellar bubble is smaller than in P14, and the density of the pre-existing θ jet > ∼ 0.13 (0.15), medium can be higher and more realistic. However, this smaller radius is attained by Etot,corr > ∼ 8.4 × 10 51 (9.8 × 10 51 ) erg assuming a much lower kinetic energy of the ejecta 7 × 10 52 . In turn, this can be achieved only A = 3 × 10 −3 assuming a puzzlingly high radiative efficiency η = 92%.
Panaitescu et al. 2013
The substantial energy injection should carry on for tens of millions of seconds. The SN E K,iso = 10 54 × (t/20ks) 0.3 associated with GRB 130427A does not look like a magnetar-driven SLSN, which are events possibly powered by a magnetar for such extended periods; in addition the energy injection from a magnetar is expected to produce a different X-ray afterglow light-curve. The fall-back mechanism in SNe can last tens of millions of seconds, but it would have a luminosity L ∝ t −5/3 , which is much milder than that postulated in this model. Accretion power from a disk surrounding a stellar black hole is not predicted to last long enough.
Scenarios with non-r −2 profile Kouveliotou et al. 2013 (K13) The radius of the stellar wind bubble is again very large, r > ∼ 160pc, while the wind is still E iso ≃ 1.8 × 10 54 erg; ρ = 6 × 10 20 r −1.4 thin. As a consequence, the pre-existing density must have been extremely low, as in the case of P14.
van der Horst et al. 2014 (VA14) This model could account for the late X-ray data, but one concern is that it achieves this ρ ∝ r −1.7 by several indeterminacies of its parameters. E K,corr,n = 3 × 10 53 − 3 × 10 54 erg E K,corr,w = 8 × 10 51 − 3 × 10 54 erg ǫ B,n = 10 −4 − 10, ǫ B,w = 8 × 10 −3 − 3 ǫe,n = [0.08 − 0.8] × t Table 3 . Essential parameters of the stellar wind models proposed and analysed in this paper. Nomenclature: E K and Etot are the kinetic energy of the outflow and the total energy (kinetic + prompt emitted in γ-ray) respectively. The semi-opening angle of the jet is indicated as θ and is given in radians. The suffixes "iso" and "corr" indicate the energy assuming isotropy and after beaming correction. Density ρ of the medium is A × 10 35 r −2 (stellar wind) particles cm −3 , where r is the radius from the centre of the explosion. Suffixes "w" and "n" indicate the wide and narrow jets in the double-component model of VA14. The fraction of energy possessed by electrons and magnetic field are ǫe, ǫ b respectively. Finally, t and t d express time and time in units of days. Numbers between round parentheses indicate the limits on the parameters if one assumes no break throughout the whole duration of observations. Maselli et al. 2014 (M14) The parameter ǫe reaches its maximum equipartition value of 1/3, at 53 days; θ jet = 0.059 however our observations show an interrupted power-law decay at least until ≃ 700 d. ǫe = 0.027 × (t/0.8d) 0.6 ; ǫ B = 10 −5 × (t/0.8d) 0.5 Similarly, the fraction ξ of accelerated electrons would be as low as 0.001 at the end ξ = 1 × (t/2d) −0.8 of our observations; it is not clear why this fraction should be so low.
On-axis jet model Very large energetics and Lorentz factor -one of the highest inferred so far for GRB E K,iso = 2.83 × 10 53 erg modeling. Table 4 . Essential parameters of the models in a constant density medium proposed and analysed in this paper. Nomenclature is as in Table 3 , except the density n is in units of particles cm −3 , ξ is the fraction of shock-accelerated electrons, Γ 0 indicates the value of the pre-deceleration Lorentz factor assuming no structure in the ejecta, θc, Γ 0,c are the angular size and Lorentz factor of the core region of the ejecta assuming that they have a structure. In this case, ǫ represents the density of energy over solid angle.
